ABSTRACT: After birth, preterm infants face a stressful environment, which may negatively impact early brain development and subsequent neurobehavioral outcomes. This randomized controlled trial involving 45 women with infants Ͻ30-wk gestation, assessed the effectiveness of training parents in reducing stressful experiences. Intervention consisted of 10 sessions in the Neonatal Intensive Care Unit (NICU). Postintervention, at term-equivalent (40-wk postmenstrual age), magnetic resonance imaging (MRI) was performed to evaluate brain structure and development. Quantitative volumetric techniques were used to estimate overall and regional brain volumes for different tissue types including CSF, CGM, DNGM, UWM, and MWM. DTI was used to evaluate the integrity and maturation of white matter by ADC and FA. Maturation and connectivity of white matter, characterized by diffusion MR measures of ADC and FA, were significantly enhanced in the intervention group, who displayed greater restriction in ADC and increase in FA. There were no significant effects on either brain volumes or on short-term medical outcomes. Thus, sensitivity training for parents in the NICU is associated with improved cerebral white matter micro-structural development in preterm infants. (Pediatr Res 67: 330-335, 2010) 
P
reterm infants are at an increased risk of persistent difficulties across most functional domains, evidenced by poorer academic achievement, well being, and productivity (1) . These difficulties are associated with brain injury and with structural alterations that are commonly reported in preterm cohorts, from the neonatal period until later childhood and adolescence (2, 3) . For example, white matter abnormalities are associated with cognitive and motor development (4) and reductions in brain volumes are related to some specific cognitive deficits (5) (6) (7) (8) .
However, neither these structural brain alterations nor the medical complications common in this population fully explain the variation in long-term neurobehavioral development (9, 10) , and stressors in the child-rearing environment may also affect outcome (11, 12) . Environmental sources of stress for preterm infants include exposure to the noisy, light-filled, busy environment of the Neonatal Intensive Care Unit (NICU), painful but necessary medical procedures and a paucity of parental contact. Animal and human studies confirm that deprivation of maternal contact imposes stress on neonates (13, 14) . Modification of infants' physical and emotional environment while in NICU thus has the potential to reduce stress. Two environmental interventions aimed at doing this have shown promising results. The best known is the NIDCAP (15, 16) involving delivery of care without overwhelming infants' coping abilities and the scheduling of protected and supported rest periods for infants. In NIDCAP care, before and after necessary medical or nursing procedures, infants' behaviors are systematically recorded in terms of responses that are conceptualized as stress (e.g. skin coloring) or regulatory (e.g. grasping). Based on these observations of regulatory thresholds and strengths, the timing and implementation of all procedures are planned to reduce stress, together with provision of well-supported relaxation periods. Nurses and parents are provided with weekly feedback on infant responses. Benefits associated with NIDCAP care include earlier age at discharge, fewer days on oxygen, more regulated autonomic and motor systems, better orientation, tone, movement, posture, and fewer infants with bronchopulmonary dysplasia and intraventricular hemorrhage (16) . Als et al. (11) followed up 30 low-risk preterm infants who had received NIDCAP care and also found enhanced neurobehavioral scores, more mature white matter at 2-wk corrected age (CA), and behavioral advantages at 9 mo of age.
In a less well-known longitudinal randomized trial Rauh et al. (17) and Achenbach et al. (18) assessed the effectiveness of the MITP Program (n ϭ 91). The MITP also aims to reduce stress but in contrast to the NIDCAP, the mother is trained to facilitate the intervention. At 9 y of age, IQ-equivalent scores in the MITP intervention group were on average 10.6 points higher than the control preterm group. By using a modified version of the MITP ("PremieStart"), we found enhanced mother and infant behaviors as early as 6 to 12 mo of age due to the intervention (12) .
We hypothesized that this intervention would buffer preterm infants from the harmful effects of acute and chronic stress, which in turn would result in enhanced brain development. The primary aim of this study was to investigate if this intervention was associated with improved brain development measured by magnetic resonance imaging (MRI) at termequivalent age. A secondary aim was to assess some possible short-term medical benefits.
METHODS
Design and sample. The study was a parallel, two-group controlled comparison of the "PremieStart" parent sensitivity training program, versus standard care (Trial Registration Number: NCT00883974), which was approved by the human research ethics committees of the Royal Women's Hospital and the Mercy Hospital for Women, both located in Melbourne, Australia. Between April 2004 and September 2005, women who delivered at Ͻ30-wk gestation at the NICUs of both hospitals were enrolled when infants were at 30-to 32-wk postmenstrual age. Recruitment operated 1 d/wk on average, resulting in 81 (20%) infants born at Ͻ30-wk gestational age (GA) being assessed for eligibility (Fig. 1) . Demographic data were collected at enrollment. Educational booklets were given to all women during a short session explaining key components in the care of preterm infants. Excluded from enrollment were women having i) insufficient spoken and written English, ii) triplets or higher multiples, iii) infants with congenital abnormalities, or iv) homes Ͼ100 km from Melbourne. Women were allocated to treatment conditions in a 1:1 ratio. Treatment allocation could not be masked from participants beyond the point of allocation. A computer-generated variable-length permuted blocks randomized allocation sequence was prepared by an independent person. Allocation concealment was ensured by a centralized system of sequentially numbered, sealed, opaque envelopes, which was overseen by a hospital administrator. After informed, written consent was obtained, and after all baseline data were recorded, women were allocated by assignment of the next envelope in the sequence.
Treatment conditions. The PremieStart parent sensitivity training program was delivered while infants were in NICU (nine sessions) with a homebooster session. Therapists (psychologists) worked with parents following a manualized protocol (12) . Targets of intervention included training parents to recognize signs of infant stress, "shut-down" mechanisms, alert-available behavior, quality of motor behaviors, facial expressions, posture/muscle tone; principles of graded stimulation; how to optimize interactions and avoid overwhelming infants; touch, movement and massage; "kangaroo care" (nesting infants skin-to-skin against their mother); vocal, visual and multi-sensory stimulation; normalizing parental feelings; challenging dysfunctional thinking, and diary keeping. A psychologist provided structured training to each intervention group mother in hospital, twice weekly for 2 wk, then weekly until discharge. The intervention included all the content of the original MITP intervention plus three new components: 1) massage 2) kangaroo care, and 3) a bath session to help mothers consolidate all they had learned about infant stress reactions in a standardized way. This increased content was possible because the intervention started earlier than the MITP and content was introduced and re-visited over the 6 to 8 wk of the intervention (compared with one in-hospital week in the MITP). In addition, the content of the home visits (consolidation, mutual enjoyment through play, temperamental patterns and review, and termination) was collapsed into the final hospital sessions plus a single home visit at 4-wk postdischarge. This study also differed from the original MITP with regards to the inclusion of twins. Psychologists had only limited, administrative contact with hospital staff and discussed neither the content nor the progress of the intervention with them.
Standard procedures for the care of preterm infants occurred at both NICUs. At the time of this work, neither NIDCAP care, nor any specific interventions to decrease stress were being used. However, infants were handled minimally by staff and given "quiet time" when possible. Sucrose was given sublingually before painful procedures and in the first 2 wk after birth, approximately 1 ⁄4 premature infants received morphine for analgesia.
Magnetic resonance imaging. Infants were scanned at term-equivalent age (38 -42-wk postmenstrual age) by radiographers blinded to allocation, using a 1.5 Tesla General Electric Signa MRI scanner (Milwaukee, WI). To minimize motion artifact, infants were fed and swaddled, placed in a vacuum fixation beanbag, outfitted with earphones and scanned while sleeping. No sedation was administered.
T1-and T2-weighted images were acquired as per our previously reported protocol (4) . MRI measurements were undertaken on Sun Microsystems workstations (Palo Alto, CA). Volumes of CSF, CGM, DNGM, MWM, and UWM estimated according to previously described criteria (19 -21) . For regional analyses, the brain was parcellated into 16 regions as previously described (8) with measurements for each parcel including total tissue and CSF volumes. For each voxel, three eigenvalues and eigenvectors of the diffusion tensor, and the ADC were calculated. Apparent diffusion was measured according to the Stejskal and Tanner equation (22) with the diffusion tensor elements estimated for each voxel by nonlinear regression. DTI analysis was performed off-line using XPhase image analysis software (SE Maier, Boston). ADC, FA, axial ( 1 ), and radial ([ 2 ϩ 3 ]/2) diffusivity were calculated in 12 manually selected ROI in the brain located on two axial slices. Figure 1 illustrates the placement of ROIs on both slices from an infant enrolled in this study. The superior axial slice was taken at a level just above the lateral ventricles and ROIs were located in bilateral frontal, sensorimotor, and occipital white matter regions. The inferior slice was taken at a level through the DNGM and PLIC and ROIs were located in the bilateral middle third of the PLICs, and the frontal and occipital white matter regions.
Short-term perinatal and medical outcomes. These included data on intraventricular hemorrhage, days in hospital, postmenstrual age at discharge, sepsis, patent ductus arteriosus, indomethacin administration, hours of ventilation, and hours of O 2 , as well as postmenstrual age and body weight at MRI scan. Data on these secondary outcomes were collected blindly from hospital discharge summaries. In addition, weekly numbers of maternal visits to hospitalized infants, numbers of maternally administered bottle-feeds and numbers of maternal kangaroo-care periods were recorded in structured diaries that had been given to all parents.
Statistical analysis. A priori, power calculations based on detecting a 15% difference on MRI brain volume, with 80% power at ␣ ϭ 0.05, yielded n ϭ 27 per group. All analyses followed intention-to-treat principles (23) . Baseline characteristics and perinatal data are presented for each group as proportions, means and standard deviations, or medians and interquartile ranges (25th to 75th percentiles) as appropriate. Significance tests ( 2 and MannWhitney U tests) were carried out on several perinatal variables as these short-term health outcomes were also of interest.
Crude means and standard deviations within the two treatment conditions are presented for all MRI data. Comparisons of CSF, CGM, DNGM, MWM, and UWM volumes were made using separate linear regression models. Analyses are unadjusted for baseline characteristics in keeping with the randomized nature of treatment allocation (24) . However, because brain size is related to age and also potentially to the intervention, we adjusted for postmenstrual age on the day of MRI scan as a sensitivity analysis. Results were unaffected and only unadjusted results are reported.
Differences in parcellated volumes and DTI parameters (ADC, FA, and axial and radial diffusivity) between the treatment groups were assessed using mixed models with all regions included in the same model as used previously (3) . Correlations among repeated within-subject observations (multiple regions within the same infant) were modeled by including a random intercept for each infant. Heteroscedasicity between brain regions is modeled by allowing both the within and between subject variability to vary by region. Region comparisons were then made combining the results across hemisphere after checking for potential interactions. Again, the unadjusted results are presented because there was little difference after adjustment for postmenstrual age.
All analyses used the simplifying assumption that observations were independent. Sensitivity analyses using generalized estimating equations (GEEs) to allow for the correlation between twins in the linear regression models, and combining twin data into a single observation using the mean for each sibling pair made very little difference to results (not presented). Analyses were performed using Stata 10.1, SPSS 16, and SAS version 9.1.
RESULTS
A total of 48 women met eligibility criteria, of whom 45 were randomized by the end of the study period (Fig. 2) . Twenty-two women (49%) were allocated to the intervention and 23 women (51%) to the control group. Together, these 45 women had a total of 52 infants (including 7 pairs of twins). There were no instances of treatment discontinuation. Only 48 of these infants had MRI scans conducted:-postrandomization, one child per group died before term-equivalent age, and the families of two children (one per group) were unable to attend scans. Further, in 2 of the 48 MRI scans conducted (again, one infant per group) postacquisition analysis was not possible due to movement artifact. Thus, we present baseline characteristics from the 45 women and 52 infants enrolled in this study, but short-term medical and MRI results were from only the 46 infants with postacquisition MRI data.
Baseline comparability of treatment groups. Baseline characteristics were similar across the groups, both for the 45 women and the 52 infants enrolled in the study ( Fig. 3A ). There was no evidence for any betweengroup difference in the regional parcellated volumes (overall p ϭ 0.42, Table 2 , Fig. 3B ).
Of the 46 infants with data of brain MRI, suitable diffusion data were acquired in only 27 cases, as this was the final sequence performed and 21 infants were not able to remain still for a sufficiently long period to allow satisfactory data acquisition. Further, one child in the control group had aberrant DTI values lying several standard deviations from the mean. Analyses including and excluding this outlier produced similar results and conclusions were unchanged. For completeness, we present results including this individual's data.
ADCs were reduced in infants in the intervention group compared with controls for all regions (overall p ϭ 0.0006), with some suggestion that the effect of the intervention varied by region (p ϭ 0.10) but not by side (p ϭ 0.94: Fig.  4A, Table 3 ). The strongest effect appeared to be in the superior regions (Fig. 4A) . This pattern was reflected in the axial and radial diffusivity ( Fig. 4B and C) with reduced diffusivity in children in the intervention group (overall p ϭ 0.0003 and 0.0007 for axial and radial diffusivity, respectively), and some suggestion that this effect varied by region, particularly for axial diffusivity (treatment-by-region interaction p ϭ 0.05 and 0.23, respectively). These results were unchanged when adjusted for postmenstrual age at the time of MRI (not presented). Finally, there was some suggestion of an intervention effect on FA (overall p ϭ 0.14) but no evidence that this varied by region (p ϭ 0.86; Table 3 , Fig. 4A) .
Perinatal medical variables. Table 4 shows the profile of the two groups in terms of these secondary outcomes. Although on average intervention group infants spent fewer days in hospital, fewer hours on oxygen, had fewer instances of sepsis, and were discharged at an earlier postmenstrual age (mean difference 6.3 d) than control group infants, there were no statistically significant effects of treatment (p Ͼ 0.1 in every case).
Frequencies of maternal care-giving behaviours. Between-group differences on three indicators of maternal caregiving were assessed by Mann-Whitney U tests. Mothers in both groups were present with their hospitalized infants on the majority of days. Mothers in the intervention had visits with their infants on a median of 7 d/wk compared with 6.8 d in the control group (p ϭ 0.08). Similarly, the weekly number of infant feeds administered by mothers had median values of 5.8 and 4.5 in the intervention and control groups, respectively, (p ϭ 0.09). Periods of kangaroo care differed significantly between the groups (median of 1.7 kangaroo care periods per week in the intervention versus a median of 0 in the control group, p ϭ 0.003).
DISCUSSION
This is one of the few published trials of NICU-based early interventions for preterm children using MRI to assess the effects on early brain development. The fact that this study centers on parental sensitivity training in a population of preterm infants makes it unique.
The study by Als et al. (11) was the first to document evidence that environmental interventions (NIDCAP care) in preterm infants could be associated with altered cerebral structure and function. Although this does include parents, NIDCAP care focuses primarily on bedside-nurse input. MITP-type interventions also aim to reduce environmental stress but focus centrally on training the parent as the primary therapist to observe signs of stress and coping in their hospitalized infant and to interact in ways that ameliorate stress. A possible mechanism of MITP-type intervention is that infants can more consistently receive stress-sensitive care from a single individual (the mother). Potential advantages of MITPtype intervention are its relatively low cost, and the focal involvement of parents as the main change agents so that intervention can potentially continue postdischarge.
Our diffusion data suggest that our MITP-type intervention was associated with improved white matter microstructure reflected by lower ADC values. Diffusion measures in preterm infants, in particular ADC, have been shown to be altered at term-equivalent age and to be predictive of later neurodevelopmental outcomes (25) . Preterm infants at term equivalent often display alterations in diffusion measures, with elevation in ADC and reduction in anisotropy relative to term control infants (26) . Although no data on the neuropathological correlates for these alterations in white matter diffusion measures exist, it is plausible that they result from either delay in development and/or injury with loss of oligodendroglia and/or axonal components of the cerebral white matter. The white matter is known to be particularly vulnerable to injury in the preterm infant and often accompanied by a secondary cascade of effects on subsequent brain development (27) . In contrast, we observed no statistically significant differences in total or regional brain volumes in our study.
There are several limitations to our study. The number of infants with MRI scans was small (n ϭ 46). In addition, due to our broader inclusion criteria, our cohort was more heterogeneous than the sample (n ϭ 30) studied by Als et al. (11) , which may have introduced more variance from prenatal variables. However, this is potentially also a strength in outcomes that can be more confidently generalized to all preterm infants. In addition, our methods for the tissue segmentation and regional parcellation were semi-automated while diffusion analyses involved manual placement of ROIs. Despite improvements in acquisition time and motion correction, diffusion imaging remains a chal- lenging MR sequence in nonsedated infants. Recently, we have further optimized methods for stabilizing infants and reducing motion (28) , which could help improve data acquisition in future work. Despite these limitations, these data remain consistent with those of Als et al. (11) and support the use of MRI methods as biomarkers for brain development. We speculate that stress exposure in the immature brain has an adverse effect on cerebral injury and/or development such that reduction in stress via MITP-type intervention enhances cerebral white matter development as measured by ADC and anisotropy. This is supported by recent experimental data in the immature brain that has emphasized the capacity of mild chronic stress to worsen brain injury (29) . In addition, stress exposure increases hypothalamic-pituitary-adrenal (HPA) hormonal reactions resulting in altered cerebral white matter development (30) . It has been noted that sensitive maternal involvement has a mitigating effect on such neural changes (31) . Finally, the positive impact of NIDCAP care interventions aimed at reducing infant stress on cerebral MRI and neurophysiological measures reported by Als et al. (11) is consistent with reduced cerebral white matter injury and/or improved cerebral development.
Although nonsignificant, perinatal, and medical outcomes appeared to be in line with a more general improvement in outcome for intervention children in terms of days on oxygen and length of stay reported in previous work. Als (16) found that preterm infants who had NIDCAP care required fewer ventilated days and days on continuous positive air pressure, achieved full oral feeds sooner and had a shorter, cheaper hospital stay. These patterns also appear to be consistent with the data presented by Westrup et al. (32) .
Details of possible physiologic mechanisms of the intervention's effect are difficult to speculate on. Our study included no intermediate biomarkers that might indicate the nature of such processes, and this could be an important feature of future work.
In conclusion, parent-centered sensitivity training appears to be a promising approach to early intervention in the NICU with early short-term benefits for brain development that could contribute to later advantages in cognitive function reported by others (17) . The findings of this study concur with recent evidence that the quality of early experience influences cerebral development. The results provide a platform for consideration of larger randomized trials of MITP-type interventions in preterm infants, and emphasize the utility of MRI as an early biomarker for cerebral injury and development.
